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Abstract

Nanoscale crossbar array memory technologies exhibit npaomising features including ultra-dense bit-cell
arrays, regularity, and ease of fabrication. However, @tph these features has proven difficult due to stray aurre
paths in the crossbar array topology. The stray currensg d&rom off-path currents through non-ideal devices used
within the memory arrays (Magnetic-Tunnel-Junctions, $8h@hange devices, molecules). This work presents a
solution to reduce the impact of such stray currents, coim@iboth a circuit and balanced data-encoding technique.
Using this technique, memories can scale out beyond armms 9f 64x64, allowing the creation of larger total
memory structures. This work discusses the overhead of iigoped circuit/encoding scheme, and compares the
final solution to the common 1T-1MTJ Magnetic Random-Acddssnory (MRAM) design.

Index Terms

Crossbar Array, Nanoelectronics, Resistive Memory, MRARMcoding.

I. INTRODUCTION

The push to scale IC design to and beyond the limits of CMO&ghation presents many new, exciting, and
challenging areas of VLSI research. The International metdgy Roadmap for Semiconductors (ITRS) states two
primary challenges for scaling IC technologies to and beythie end of the CMOS roadmap. The first is to extend
"CMOS beyond its ultimately scaled density and functiotyaby integrating, for example, a new high speed, dense,
and low power memory technology on the CMOS platform. [1]"eT$econd challenge is to "extend information
processing substantially beyond that attainable by CM@®Bealising an innovative combination of new devices
and architectural approaches for extending CMOS, and ealiyptinventing a new information processing platform.
[

These challenges stress the need to develop new memorygioaiohitectures, that are not only low-power, but
are reliable and have the capability of outperforming theent, state-of-art CMOS based architectures. This paper
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focuses on emerging memory technologies, such as MRAM eptfaenge memory (PCM), molecular memory, and
metal-oxide memory. Each of the examined memory technefoigi non-volatile, which is an intrinsic benefit over
their CMOS memory counterparts SRAM and DRAM. Furthermaés work focuses on the implementation of
such memories in a crossbar array architecture, not theeotional 1T-1D (1-Transistor 1-Device) arrangement.

The crossbar array topology is popular for both its easebnidation, primarily due to the structures regularity,
and its ultra-dense bit-cell structure. Researchers helieed crossbar array bit densities10f!cm =2, creating
wire widths of 16 nm and wire pitches of 33 nm with no observiedctural defects [2]. Although much progress
has been made in fabricating crossbar array memories, tracehks highlight the difficulties in reading the state
of each bit in large crossbar arrays [2], [3]. Non-ideal degilead to “stray current paths” in the memory arrays,
which obscure the read output voltage. In certain casegltsezhow it impossible to differentiate between a logic
‘1’ and a logic ‘0’ for arrays as small a&:6 devices [3].

One primary reason that these novel memory architecturgsated more towards the 1T-1D topology is to
get away from the stray current problem associated with thesbar array. Imagine building a full scale 256 kB
memory from memory banks as small as 6x6. This would requiez 3200 small memory banks, and a massive
overhead in terms of routing and bank decoding. The primasa} gf this work is to develop a method to eliminate
the impact of stray currents on crossbar memories, and alksigners to fully utilize the dense bit-cell structure
provided through the crossbar topology.

This work combines a circuit technique with a balanced dateoding method that in conjunction work to
reduce the impact of stray currents. Simulation resultsvstimt by using the presented techniques, array sizes
scale out beyond 64x64 bits. The circuit techniques, emgpdigorithm, and hardware implementations are all
presented in detail, including the overhead involved withpkying such a strategy in crossbar array architectures.
The encoding techniques and peripheral decoding circugtsnaplemented in CMOS, and are simulated using the
Predictive Transistor Model (PTM) libraries. Furthermgattee proposed techniques are studied using six different
types of nanoscale devices, ranging from magnetic tunmations (MTJ) to molecular switches.

The paper begins by introducing the crossbar array in setitigpresenting a clear description of the architecture
and the problems with stray currents. Section Il presemtsva@rview of the proposed circuit and encoding solutions
to reduce the impacts of stray currents. Section IV followspbesenting detailed circuit simulation results of the
encoding techniques performance. The encoder/decodéwass implementation details are presented in section
V. Section VI presents the hardware synthesis results ®reticoder/decoder circuitry, followed by section VII,
which provides a comparison study against a conventiondlMTJ MRAM topology. Section VIII concludes the

work and discusses possible future work.

II. ARCHITECTURAL ANALYSIS OF CROSSBARMEMORY
A. The Crossbar Memory Array

The crossbar array topology consists of two sets of paralieds crossing perpendicularly [4], where at each

intersection there exists a two-state resistive devicee @verall circuit is therefore a two-dimensional array of
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two-terminal programmable elements. An example of thigcstire is shown in Fig. 1A. Programming a junction is
performed by applying specified voltages on the two nan@amnnecting the device. The programming procedure
is different for various devices, however the read procedsirsimilar for most technologies. The state is read by
simply applying a voltage across the selected device anglrsgthe current through its two terminals. Additionally,

the read voltage must be small enough not to disturb the efdatee nanodevice.
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Fig. 1. A) Crosspoint array architecture as used in crosgépoemory. At each wire junction exists a bi-stable resisgwitch, making this
structure a 2D array of programmable devices [5]. B. HysiteteV characteristics of a typical bi-stable nanodevibe curves are taken from
a Verilog-A model based on experimental data of a molecuésice [6].

The I-V characteristic of a typical resistive device is shaadjacent to the crossbar in Fig. 1B. The two separate
I-V curves represent the devices high and the low condugtstates, and reflect the bi-stability or hysteresis of the
junction. Under the application of a specified toggle vdadtatihese devices can switch between states - applying a
large negative toggle voltage will switch the device inte thw conductivity state, while applying a positive toggle
voltage will switch the device back into the high condudgivstate. The low conductivity state is referred to as
‘off’ since less current flows, while the high conductivity the ‘on’ state.

The shape of these curves, and the required toggle voltdgpend upon the particular device technology. Several
important characteristics embody the efficacy of the nawviodeincluding ‘on/off’ current ratio, rectification, %7
and required toggle voltages. The device ‘on/off’ ratio isnaasure of the current in the on state versus the off
state given an applied voltage across the terminals. This ¢can be as small ag or larger than 1000 depending
on the given device [7]-[14]. Additionally, some devicedimt intrinsic rectification, which makes their forward
bias currents larger than their reverse bias currents. Thees in Fig. 1B show this rectification, and are modeled
after an oligo(phenylene ethynylene) (OPE) molecule wittiteo side-group [12].

The advantages of the crossbar array coupled with thesalaaices were briefly discussed in the opening section,
and included the ultra-compact bit-cell, the architecdwegularity, and the ease of fabrication. However, thele st
exist intrinsic problems with the crossbar array architext The two primary problems within this architecture are
how to work around the stray currents within the arrays, aod to integrate the peripheral decoding logic into
the finished product. This work assumes the use of CMOS fopérgheral circuitry, and that a technique such

as CMOL (Cmos + nanowires + MOLecules) or FPNI (Field-Pragreable Nanowire-Interconnect) can be used
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to connect the CMOS with the nanowire fabric [15]-[17]. Tleeds of this work is to eliminate the stray current
impacts from crosshar memories. The next section descitiieBnpacts of stray current paths, and provides some

insight into solving this problem.

B. Crossbar Array Functionality and Size Limits

Fig. 2 illustrates a schematic representation of a 4x4 bayssiemory circuit. Fig. 2A shows how to write a
selected nanodevice, ignoring the peripheral decodimgitiy, and Fig. 2B shows the read procedure. Programming
a junction is done by applying specified voltages on the twwomdres connecting to the device. In this schematic
figure, Viy g is applied to one terminal of the device, ardjy i is applied to the opposite terminal, so that the
equivalent voltage across the device2isVyy . If the toggle voltage, or the voltage at which the devicencjes
state, istV;,4, care must be taken to ensure théir < Viog < 2 - Viyrr When programming a junction. This
ensures no unselected devices are written [3]. The speaifigr@mming procedures differ for varying devices,

particularly in terms of write pulse widths and timing, haxge the general theme remains as depicted in Fig. 2A.
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Fig. 2. (a) Schematic of a 4x4 crossbar array. Perform a Vuitetion by applying a total o2 - Vyy g across the nanodevice. (b) Schematic
showing the read procedure on the selected device in the-lgfpeorner. Final output current depends not only on thleced device, but on
stray currents in the memory array.

The methods used to read the state of a nano-resistive darécsimilar among the various technologies. An
example read is shown in fig. 2B, where the state is determizyedpplying a voltage across the device and
reading the current through the device. One interestimgtid note when reading the crossbar array, specifically
considering when the non-selected rows and columns arérietdly floating, the output is not solely dependent
upon the selected device. This is illustrated in Fig. 2B, wh&,; = Ip + Xlsrqy. These stray currents flow
through the unselected devices, and make it difficult tordetee the device state.

One vital metric for such crossbar array memories is the ratithe output currents/voltages for logic ‘1’ and

logic ‘0’ values, referred to here as the *1'/'0’ currentita{F" ;o = Iout1/Iouto). This is not to be confused with
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the ‘on/off’ device current ratio, as that only pertains togée devices. The measure 6f /, looks at the output
of the entire memory array. It is desirable to maximiZg, in order to reliably read a device from the crossbar
array, and it is essential that thi§ ,, ratio be greater than one. In the crossbar array, the presgratray currents
makes it even more vital to have thi§ ,, > 1.

Fig. 2B highlights one stray current path, however in adyatray currents flow through all unselected memory
paths. If these nanodevices exhibite@)% rectification then stray currents would not effect the memas each
off-path device would act like a reverse-bias diode. Howetlgese non-ideal devices do conduct current even
when reverse-biased, and these stray current levels dapebdth the applied voltage and the data stored in the
unselected devices.

Ideally, the output current,,,; in Fig. 2B should be dependent only @&}, however, the effect of stray currents,
particularly for large arrays, can dominate the outputagdt The stray current levels are data dependent, and
depending on the value of the selected bit, may add up in atrcatige or destructive way. Given a ‘1’ value
on the selected bit, the best case is when all the unseledteadre also ‘1’, and the worst case is when all the
unselected bits are ‘0’. For a ‘0’ value on the selected bi¢, best case is when all the unselected bits are also
‘0’, and the worst case is when all the unselected bits areOhice the worst-casg; /, ratio falls below one, it
becomes impossible to differentiate between reading & Idgiand a ‘0’, and the memory becomes unusable [6].

Previous results demonstrate this effect, where given eay as small as 6x6 it becomes impossible to tell
whether a bit stores a logic ‘1’ or logic ‘0’ considering molgar nanoelectronic devices [3], [18]. Furthermore,
Green et. al. comment that in their fabricated 160 kb mokaculemory, much of the output switching may simply
be due to the parasitics and stray currents in the memorygafiguthe output levels [2].

One previous method used to assuage the size limits on enossimory is to ground the unselected rows in the
crossbar array [6]. This circuit technique increases thertoead of the peripheral circuitry, however does permit
the memory to scale neanz64 bits, while keeping anf , ratio of 2.23. This F} , is still rather small, as the
output voltage difference is only about a factor of 2 betwaelogic ‘1’ and ‘0’, leaving little margin for error
from any device level variations, or mismatch in the sensinguits.

In summary, determining the state of one bit in a crosspoiemary is challenging since stray currents that
flow through unselected devices impact the output. Theseewis are dependent on the state of the unselected
devices, leading to widely different output values for bastl worst case logic ‘1’ and logic ‘0’ bits. For crossbar
memory technologies to deliver on the promise of providitigaedense, reliable architectures, a solution is needed

to eliminate the impact of these stray currents. The nexicgepresent such a solution.

IIl. ELIMINATING THE IMPACTS OFCROSSBARARRAY STRAY CURRENTS
A. Circuit Solution

The previous chapter discussed how grounding the unsdleotes can help improve the allowable crossbar
memory size, as was demonstrated previously [6]. In thisiaecthe simple next step is taken to ground both

the unselected rows and columns when reading a particuacedeT his is schematically shown in Fig. 3A. While
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Fig. 3. A. Schematic of crossbar array when grounding untsderows and columns. Reading selected devige. B. Simplified equivalent
circuit after grounding unselected rows and columns. C.irBésquivalent circuit, achieved through data encoding.

this is a simple addition to grounding just the unselectegisrat greatly helps reduce the overall stray currents.
Furthermore, a load device is added to the output in Fig. 3#ickvconverts the output into a voltage rather than
a current. This helps, as the resistances of such nanodesacebe hundreds di/2s, making it difficult to sense
these ultra-small current levels. A simplified view of thevnarcuit while reading the selected devif, is shown

in Fig. 3B.

By grounding both the unselected rows and columns, the dbigeomes dependent upon only the device being
read and the unselected devices on the selected Rpw_(3). As the currents from the unselected rows{'s in
Fig. 3A) are shunted to ground before reaching node OUT, teeyot impact the output voltage. However, the
unselected devices on the selected row directly draw cufir@m node OUT (s¢’s in Fig. 3A), making the output
dependent upon their state.

Having the simplified circuit in Fig. 3B means the output agk is data dependent upon only the selected device
Rp and devicesRy;-_3. Before when grounding only the unselected rows, currentdcflow out through the
devicesRy1 -3 and then through the remaining unselected (grayed) detacgsound. Therefore, the output would
still be data dependent on almost every device in the array.

As the output in Fig. 3 is still data dependent upon seversgletted devices, there is no way to exactly determine
the value of Rp. However, if there exists a way to encode each memory lineravtthe parallel resistance sum
of these unknowrR;1—3 becomes known, this will yield the circuit as shown in Fig.. 3€ this case, the output
voltage becomes deterministic, yielding only one logic Vbltage, and one logic '0’ voltage. The next section

presents an encoding method to provide this solution.
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Fig. 4. A. The equivalent circuit when reading a ‘1’ from a i#dine. B. The equivalent circuit when reading a ‘0’ from b#-line.

B. Balanced Encoding Crossbar Memory Data

In order to reliably read the selected device from the merrtgchnique is needed that makes the output voltage
deterministic, even though stray currents are presenariBad encoding provides a solution to this situation. By
definition, a balanced coded word is a binary stream thatistsnsf an equal number of ‘1's and ‘0’s. Encoding
each word to have half ones and half zeros places half of thieatein each word into a high conductivity state,
and half into a low conductivity state. Given the device st&sices in each state and this encoding scheme, the
lumped equivalent parallel resistance of the unselectetee can be easily calculated.

For example, given a four bit balanced coded word, assum®d¢vece-Under-Test (DUT)Rp in Fig. 3A) is a
logic 1, which is represented by a capital R (logic O is repnésd by a lowercase r). This situation is described
in Fig 4(a). Since the DUT is a logic 1, and the word is balanceded, two of the unselected devices must be
logic 0 and one unselected device must be a logic 1 yieldifigllsaand half Os. The order of the 1s and Os does
not matter, since now this resistance can be lumped togbthtre formula shown in Fig. 4(a). This situation also
holds when reading a logic O represented by r, shown in Fig. 4{bw there must exist two logic 1s and one
logic 0 in the unselected devices for the encoding schemelth Bnd the equivalent resistance of these unselected
devices is shown in Fig. 4(b). This will hold over all arrages, where the formulas for the lumped unselected

device resistance is as follows:

r

N
1+ 5%

(1)

RequivOFF =N
5 -

R
N R-N
2 1 + 2:r

)

RequinN =

In these equations, N is the length of the encoded word. EdioWvs the lumped unselected resistance when
reading an off-state device, or a logic ‘0’. Eq. 2 shows thaeiwlent resistance when reading an on-state device.
The critical takeaway point from this encoding solutiontiattthe output becomes unique and deterministic. Since
the current through the unselected devices is known, thaséseonly one logic '1’ and one logic '0’ output value,

unlike before where the output was based heavily on thesst#téhe unselected devices in the array. The output
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Fig. 5. Simulated result from Matlab showing the output agé read from a logic ‘1’ and a logic ‘0’ while varying the dewi‘on/off’ current
ratio. Here the devices are assumed to just have fixed nesestebased on their current logic state.

voltage can be calculated per the following equations.

Re uwivON
Vout1 = . V; 3
& RequivON ' Ron i ( )
Re utv
Vouto = R (4)

RequivorF - Rogy

The data encoding impact on array size is shown through &levpnary simulations in Fig. 5. This result is taken
by simply implementing Egs. 4 and 3 in Matlab, and observing autput voltages with different device ‘on/off’
current ratios. The dashed black line shows the logic ‘1tagé read at the circuit output, while the remaining
curves show how the logic ‘0’ voltage changes with changimg/off’ ratios.

As is observed, there exists only one output voltage pey @iz for each a logic ‘1’ and ‘0’, making the output
voltage completely deterministic. Furthermore, this datian shows how the output ‘1/0’ voltage ratio stays well
above 1 for all array sizes and all device ‘on/off’ currentios. This implies that no matter the array size, it
is always possible to distinguish a logic ‘1’ from a logic ‘When reading any device from the crossbar array.
With successful preliminary results, the next section @nés more detailed circuit analysis to further validate the

proposed encoding solution.

IV. DETAILED CIRCUIT CROSSBARSIMULATIONS
A. Modeling Considerations for the Crossbar Array

Wire sizes projected for use in the crossbar architectungaanywhere from 5-50nm, with spacing between
wires of similar magnitudes. Wires of this size are con®deio benanowires, and at these extreme interconnect
densities, heavy emphasis is placed on accurately model@igproperties. This includes the nanowire resistance,

the capacitance between each nanowire, and the capacftanteach nanowire to ground.
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Nanowire Size 15nm
Nanowire Pitch 30nm
Substrate Cap. per Length 2 %
Coupling Cap. per Lengtfjf 2 28
Nanowire Resistivity || 8.88 u{2 cm

TABLE |
INTERCONNECT PARAMETERS USED FOR SIMULATING THE CROSSPOIMRRAY BASED MEMORIES.

Nanowire crossbar capacitance modeling was recently skecliin several papers focused on using crossbar
arrays for reconfigurable logic [16], [17], where the authassume nanowire widths of approximately 15 nm,
with similar spacings between the interconnect. Using sbasc assumptions about wire geometry and dielectric
materials, the authors arrive at a wire capacitance of 2 pFlcrfihis same assumption is used here for both the
substrate capacitance and the wire-to-wire coupling degae. While not all architectures have achieved yet such
a high density (e.g. MRAM and phase change memory), the eakgbal is to shrink to such dimensions, therefore
making this is an appropriate, albeit slightly pessimistgsumption in terms of impact on performance. Table |
shows all of the interconnect model parameters that we use.

When modeling the resistance of such tiny nanowires, didgleéhat have long been ignored start to have
greater impact. Two such subtleties are surface and graimdaoy scattering. One proposed method to model
these nanoscale wires is presented in Steinhogl et. alerenhe effects of surface scattering and grain boundary
scattering are combined according to Matthiessen’s rulactieve a unified resistance model [19]. Another way
would be to empirically model actual resistance data takemfexperiments as performed by Shi et. al [20].
Here, the resistance of such nanowires is modeled using étleoah presented by Steinhdgl et. al. [19], achieving
a resistivity of 8.88u2 cm for a 15 nm wide wire.

This section introduced several subtleties in modelingratnnects in nanowire crossbar arrays. The next section
focuses on the actual devices interconnected between e chanowires. Given strong models for both the
nanowires and nanodevices, it will be possible to creatailéetcircuit simulations of the crossbar array memories

using SPICE based simulators.

B. Modeling Nano-Devices with the UDM

As previously mentioned, the memory types studied here BfRAM, PCM, and molecular memory. This work
also considers some novel metal-oxide based devices, viaieh very recently been proposed for use in crossbar
non-volatile memory [8], [9]. To study these different teologies, models for each device are required to simulate
and evaluate the memories at a circuit level. Since thesieakeare typically non-linear and asymmetric, as was
shown in Fig. 2B, a unique modeling tool is required to crea®CE level model files from this extracted data.

The Universal Device Model (UDM) provides a modeling platfoto fit this need [22]. The UDM is capable of

taking a set of data from a two-terminal device, and gendhaeappropriate fit equations and parameters needed
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Fig. 6. (A) GeSb phase change device data device from IBMIetvarlaid by the UDM modeled fit [21]. (B) Modeled data of gital
hysteretic molecular device. (C) Modeled data of a hystemablecular device with high on/off raticl000) (D) Modeled data of a generic
MRAM device. (E) Data from &Cu, O metal-oxide device overlaid by the UDM modeled fit [9]. (F)tBdrom a transition metal oxide (TMO)
device overlaid by the UDM modeled fit [8].

to model the device. It does this by extracting certain ndewice characteristics from the empirical device data
such as linear regions (resistor-like), thermionic emisgidiode equation), resonant tunneling (Gaussian equatio
and coulomb blockade (step function). With this analygishén uses a curve fitting routine to match the device
data to a set of equations representing these typical giepewhich are contained within the model itself. It then
can generate VerilogA files useful for simulations with SPl&nd Spectre [22].

Fig. 6 shows the devices modeled for use in this study. Sixcdewhave been chosen: two molecular devices, two
metal-oxide devices, one MRAM device, and one phase chaegead The UDM modeled device data is shown,
and in certain cases is overlaid by the actual device dataa®t from original sources. If no actual device data
is shown, it means that this device represents a generic &ackeristic for a broad set of these structures, such
as the MRAM and molecular devices.

Fig. 6A shows a PCM device modeled from data taken from a tesenk by IBM and partners [21]. The
measured data is shown by solid lines while the modeled dat@arked with circles (on-state) and x’s (off-state).
Similar data is shown in part B and C, except these are genaslecular devices. The characteristics modeled
here generically represent the features found in manyrdifteworks on molecular devices [12], [23], [24]. The
device shown in Fig. 6¢ has a much higher on/off current ratiore indicative of recent progress made with this

technology [25].
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Fig. 6D shows a modeled magnetic tunnel junction (MTJ) de¥ar MRAM. The MTJ was modeled as a two-
state linear resistive device. Studies have shown that Mifdsslightly non-linear over an applied voltage range,
however these non-linearities are typically small, apprately 5 K2/V, and both states shift their impedances
proportionally (i.e. if the on-impedance increases, theimmpedance correspondingly increases) [26]. The device
impedances of 15&/ and 18 K2/ were selected from measured data [27]. The last two deviigs. 6E and 6F,

modeled are metal-oxide based devices [8], [9].

C. Detailed Circuit Encoding Results

The encoding algorithm has shown to be effective in prelanjrsimulations, so to further examine this technique,
detailed circuit-level simulations are performed on savencoded crossbar array structures. The crossbar arday an
nano-devices are modeled for circuit simulations basedhenpteviously presented methods. The crossbar array
is assumed to have a 30nm pitch, and six different devicesised to test the encoding effectiveness. Arrays are
only simulated out t&4 x 64 as beyond this point, simulation times become extremelyg.ldme specific simulator
used is Cadence Virtuoso.

Fig. 7 shows several simulated results for both the encoddduaencoded memory designs. These simulations
only consider the crossbar memory array itself, not theosumding address and decoder logic. The peripheral logic
used to read and write such nanoscale memories is presen{éjl iand is the same for both the encoded and
unencoded memory arrays. Therefore the overhead, in tefmpeveer, performance, and area, will be similar no
matter the employed design. The extra overhead needed uallgcencode and decode the bits is presented in
future sections.

Figs. 7A and B begin by showing how the encoder impacts theativd’ to '0’ output ratio as the memory
array scales to large sizes. Fig. 7A shows both the encodeédia@ncoded ‘1/0’ ratios on the same plot, and as
can be observed, the encoded ratios stay above 1 all the wap @t least 64 x 64 memory array, while the
unencoded ratios quickly fall below 1. Fig. 7B zooms in on timencoded ratios, just to show where exactly these
memory arrays fail. The unencoded memory also assumeshibatriselected columns are left floating during the
read operation.

Interestingly, the unique features of the different desitend to make the '1'/'0’ ratios scale at different rates
for the encoded memories. For certain devices, it appeaitstitie encoded memory could potentially scale out
well beyond 64x64, such as the molecular devices, the phessge device, and the MRAM cell. The high on-off
molecular devices achievg, /, ratios as high a$000. However the ‘1/0’ ratios for the metal-oxide devices ssale
down towards 3 or 4 as the array size approaches 64x64. Tfezeatf scaling for different devices in not fully
understood at this time, however could certainly be a signpioint for future work in this area.

Furthermore, Figs 7C-E discuss several static power sefuitthe proposed encoding solution. Static power is
considered simply because the memory is essentially ag fulleof resistive elements, where applying a voltage
across these devices will create quite a large static povaay,dnuch like that of a resistive divider. As the circuit

level solution requires grounding the unselected rows aanens, it is intuitive to think that this will increase the
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Fig. 7. A. Scaling of on/off ratio scales with increasing nwgnsize. Each encoded memory can scale out to at least 64kiid mraintaining
an on/off ratio of greater than 1. B. Details of the unencodeemory section in Fig. A. No unencoded memory can scale up pax4
size. C.-E. Power tradeoff between the encoded and unemogasions of each crosspoint memory. Approximately 1.5¥%$ more power

is required to read from the encoded memory compared to teeamaed memory. This does not take into account bankingheadr from
interconnect or extra decoder blocks.

overall static read power.

To examine this, this peak read power is plotted versus aizgy for each device under test. As is observed,
the peak read power for each encoded memory is slightly hititaam its unencoded counterpart. The data shows
the power for the encoded memory to be anywhere from 1.5 ton8stilarger than the power for the unencoded
memory, depending on the particular array size. Althoudh ih an intrinsic drawback to this circuit/encoding
technique, on nice thing about all of these non-volatile mgndesigns is that no voltage is required to hold the
state of the memory elements. This means that this energgnisuened only when reading or writing the array
elements, and then no static-energy is consumed when theorpasnidle.

These sections have highlighted the benefits of the encasbhgion, and shown how this technique works
through simulation. However, there are many details ne¢datbscribe how one might use this technique within
an actual nano-memory system. The next sections start loyibieg an algorithm to implement such a balanced

encoding scheme in hardware, and will continue to discusoterhead required for such an implementation.
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| N [ M | Overhead|

4 8 100%

8 14 75%
16 | 24 50%
32 | 42 31%
64 | 76 19%
128 | 142 11%

TABLE Il
NUMBER OF BITSM REQUIRED TO BALANCE CODE A WORD OF LENGTH N

V. HARDWARE IMPLEMENTATION OF THE ENCODER'DECODER

A. Balanced Encoding Algorithm
Now that the balanced encoding scheme has proven to be usefirtuit simulations, it is imperative to find
an efficient method to perform the encoding and decoding idvaare. Balanced encoding was first introduced by
Donald Knuth in 1986 [28], where he presented two fairly denglgorithms that produce balanced binary words
from random data. Since then, many subsequent algorithires heen presented, generally aiming to improve the
efficiency of the original algorithms, and reduce the nunmdfesverhead bits needed to code each word [29]-[31].
The algorithm chosen for use in this work is based on the lghrsdheme described in Knuth’s original work
[28]. This method is primarily chosen for its simplicity aitd conduciveness to hardware implementation, as will
be seen in future sections. Other schemes yield balancetswiout require more computational overhead to encode
and decode, which leads to more on-chip area devoted to twdeg design. Knuth’s original parallel algorithm

is as follows [28]:

1) Count the number of 1's in the word.
— ‘10110111’ - Has 6 ‘1's [110].

2) Serially flip each bit until the word contains half '1’s andsOCount the number of bits that were flipped.
— Resulting word - ‘01000111’ : Count - ‘100'.

3) Attach count, followed byount, to the new word.

— Final word - ‘01000111[100][011]'.

By following this algorithm, it is possible to take any worddagenerate its balanced coded counterpart. For a
word of length2”, the overhead involved with this scheme will always be anitamthl 2 - n. The overhead over
various array sizes is shown in Table Il. This table shows #éisathe word length grows, the percentage overhead
involved with this scheme decreases. This makes it benkfiase larger words for encoding and decoding to

keep the area overhead to a minimum.
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T 2N - Original Word

‘1’ Counter

N} FN

Bit Flipper

+2N N

]

Memory Array

# of Flipped Bits
# of Flipped Bits

+ 2N N
Read Word
S
Un-flip Bits (Decode) —

J/ 2N Original Word

Fig. 8. A block diagram representing the steps as itemizeSein V-A. The filled blocks represent the number of bits flippe achieve the
coded word.

B. Architectural Implementation

The presented crossbar nano-memories have several aggpeatiperties for architecture designers, including
non-volatility, scalability, and low-power operation. fmost modern computing platforms, it can be argued that
memory is the primary performance bottleneck. Any redurciio memory latency can drastically increase the
processor performance in terms of cycles per instructiddl\Grurthermore, memory often occupies upwards of
50% of the processor die area, and can dominate the on-chiplstapolwer consumption. It is imperative to
minimize the overhead from these three sources : timindppeance, and power.

There exist both software and a hardware methods of penfigrthis encoding/decoding. It is certainly feasible
to write a software driver to perform the encoding/decodumgctions. The primary overhead penalty associated
with this method is performance latency, as the processat e extra cycles to encode/decode, which it could
be using for other functional tasks.

It is also feasible to create a dedicated piece of hardwat@M®©OS to perform this encoding and decoding.
In general, creating this dedicated piece of hardware Mititemuch faster processing, since this hardware can
be custom tailored to achieve high performance for a givertess. However, this comes with an area overhead
penalty involved with the CMOS logic. For this work, the dgsiis implemented in physical silicon, as it does
minimize the latency penalty, which is vital to high perf@ante memory designers.

A block diagram of the total encoding and decoding procestidsvn in Fig. 8. This diagram visually illustrates

the encoding algorithm introduced in the previous sectlexamining the diagram, the first step is to count the
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HALF = HALF OF THE WORD LENGTH INPUT BIT
i.e. for word length 16, HALF = “1000" UNENCODED
COUNT
‘ HALF L

COMPARATOR UP/DOWN COUNTER
OUTPUT COUNT
TO NEXT STAGE

; V ENCODER SLICE

OUTPUT BIT
ENCODED

TAG BIT

Fig. 9. A block level view of one slice in the balanced encodigapath. This block accepts the current one’s count aradldatand determines
whether to flip this bit or leave it unchanged based on thesooelint.

number of '1’s in the word. This count, along with the oridimeord is fed into a 'bit flipper’, which implements
procedures (2) and (3) in the algorithm described the pusveection. Once encoded, this word is written into
memory. On the decode side, the word is first read from the mgraad then the count attached to the word is
used to determine the number of bits to flip back to obtain thigiral word (performed in the Decode block).
In this figure, the vertical fill lines represent the area ewnsd by the binary count tag. The horizontal fill line
represent the potential bits that were flipped.

While several methodologies exist to implement such an éerddecoder design, this work employs a structural
VHDL design strategy. This methodology yields a slightlgdeoptimized design from a true custom ASIC circuit,
however saves in design time by allowing synthesis toolsdnegate the final circuit layout. Furthermore, the
VHDL can be compiled into FPGA architectures, which canwallguick calculations for expected performance,
power, and area overheads.

Fig. 9 shows the detailed structural architecture of oneodec slice used in what is referred to as the 'Bit
Flipper' in Fig. 8. Each slice takes in the input count, whishthe current number of '1’'s in the word, and the
un-encoded input bit. The comparator compares the curngutt icount to half of the length of the original input
word. If this compare is false, this means the word is untzddnand does not have half '1’s and half '0’s. If this
compare is true, then the word is balanced. Given the conipdadse, the current input bit is flipped and fed to
the output, and the up/down counter increases/decreaseé&’thount based on which way the input bit flipped.
This count is then fed to the next stage. If the compare retutnue, the original input bit is fed to the output
without being flipped, and the input count (which happensdoa¢ half of the length of the input word) is fed
directly to the output without being updated.

This slice is then included into a larger datapath, whereetl® one slice per bit in the memory line. This is

shown in Fig. 10. This figure represents the architecturéhefencoder. First, the number of '1’s in the input is
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INPUT WORD
UNENCODED

‘1'S COUNTER 16

HNEEEEEEEEEEEEEE
HENN 1

TAG -16

ENCODER SLICE 0
ENCODER SLICE 1
ENCODER SLICE 2
ENCODER SLICE 3
ENCODER SLICE 4
ENCODER SLICE 15

¥Y3LINNOD S.T.

E

’ ENCODED OUTPUT | TAG | TAG ‘

Fig. 10. A block view of the entire encoder datapath. Oncdopering the initial one’s count, the word is serially prosed to determine
how many bits to flip to balanced code the word. The final codirftigped bits is attached to the end of the balanced word saritle later
decoded.

EN<1>

# of Bits

Flipped Therm.
4 Dec.

EN<16>
encData<1:16>

[ N K J
EN<2> EN<3> EN<16>

decData<1> decData<2> decData<3> decData<16>

Fig. 11. Block diagram of the decoder design. The decodeplgifiips back the bits that were initially flipped to createethalanced coded
word.

determined by the "1’ counter, and this count is fed into thst filice of the datapath. Then each slice determines
whether or not the count has converged to half '1’s and hadf ‘@nd outputs the encoded word. These slices also
output a tag, which is nothing more than the number of bits Wexe flipped to achieve the encoded output. This

tag, along with its inverse, is attached to the end of the éadovord. The inverse of the tag is attached is to

maintain the correct number of '1’s and '0’s, and it makesaisyeto determine whether there is a bit error in the

tag. Simply XORing each bit in the tag with each bit in the imeetag should yield a '1’ if there is no bit error.

If the result is '0’, this means there is a bit error in the tag.
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Finally, Fig. 11 shows the structural implementation of trexoder logic. The decoder simply needs to invert
the first N bits that were flipped in the encode process backéw briginal state. As the number of flipped bits
N is actually stored in the word when encoded, it's easy tdoper this procedure. The flipped bits N are fed into
a thermometer decoder, which provides the enable signalsetdecoding logic. Given the number of flipped bits
as ‘'101’, the thermometer decoder outputs ‘11111000’ ciaiilthg the first five bits need to be inverted back. The
decode structure is straightforward, as multiplexors reitge whether the output bits are flipped or not based on

the enable signals from the thermometer decoder.

VI. FINAL DESIGN SYNTHESIS

As a final verification of the encoder/decoder design, eachpoment is synthesized from VHDL to physical
logic gates, using both FPGA and ASIC synthesis tools. The A-Bynthesis flow uses the free Xilinx ISE 10.1
tool, as can be obtained from the Xilinx website. The ASICtkgnis flow uses the Cadence toolset, including
the specific tools RTL Compiler and Encounter, and yieldsdtitical performance metrics of combinational path
delay, total logic area, and total power consumption.

Table 11l shows some of the results from the design synth@sie ASIC design is synthesized in a commercial
130nm technology, while FPGA results are given over sevecdinology nodes. Comparing the two 130nm designs,
the ASIC encoder is slightly more than 2X faster than the FRE@&oder, while the ASIC decoder is approximately
3X faster than the FPGA decoder.

Area results are only shown for the ASIC design, as the FPQ r@ports the number of Combinational Logic
Blocks (CLBs) used, and does not indicate the total CMOS assaciated with such elements. The encoder design
is approximately six times larger than the decoder desigris &xpected from the more complex bit-sliced design
structure. Furthermore, the encoder area is approximatgiyvalent to &8 x 68uM? square, where the decoder
is equivalent to &7.5 x 27.5uM? block.

The synthesized ASIC encoder consumes a total average pdvees.3u 10 including 1.54W of static power,
yielding approximately8.1pJ per encode operation. Likewise, the ASIC decoder consuntesabof 31.44uWW
of power, including.24uW of static power, yielding approximateB1.7fJ per decode. Again, the power is not
reported for the FPGA design, as it is difficult to determinieich portion of the power comes from the utilized

CLBs, and which comes from the static, unused CLB elements.

A. Discussions on Design Synthesis

The synthesis and simulation results show the encoder acadde logic structures to work functionally and
efficiently. However, one primary concern with such a desmgrhat the encoder/decoder structures lie on the
critical path to and from the memory. Particularly for theceder, adding an additional 12.9ns could pose a huge
timing overhead into the overall processor system delaghobigh it generally takes several clock cycles to access
data from main memory, assuming a 2GHz clock, 12.9ns equat26 clock cycles, which is a long time to wait

for data to return.
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Xilinx FPGA

ASIC Virtex-2  Virtex-4  Virtex-5
Tech. Node 130nm 130nm 90nm 65nm
Encoder Delay (ns) 12.9 29.6 24.8 17.25

Encoder AreaM?) 4569 - - -
Decoder Delay (ns 2.6 8.3 6.7 5.23

Decoder AreagM?) 756 - - -

TABLE Il
SYNTHESIS RESULTS COMPARED BETWEEN AMSIC AND AN FPGAIMPLEMENTATION OF THE 16-BIT ENCODER AND DECODER DESIGNS
THE ASIC RESULTS GIVEN ARE FROM THERTL SYNTHESIS LEVEL, AND THE FPGARESULTS ARE BASED UPON THEXILINX TOOL
ESTIMATES AFTER PLACEAND-ROUTE.

One potential solution to this long delay is to pipeline tine@der. One nice property of this particular topology
is that it would easily lend itself to a pipelined design, wheach slice would be clocked, and any memory write
data access could stream through the encoder. Much likeldidral pipelined design, this would heavily increase
the overall throughput of the encoder. While the first writewd take 26 cycles, the next data would come out of
the encoder inf—g cycles. After rounding up, 2 extra cycles are needed for v data to appear ready to write.
Of course, some additional design is needed for this prappgeelined encoder, and is not presented in this work.
This is one area of interest for continued future work on thfgc that could provide a strong solution for writing
to resistive memories.

This similar pipelining concept could not be applied to tleeader design, however the decoder only takes the
equivalent of G H z clock cycles to complete its task. Furthermore, as the dersogire much smaller, several of

these could be placed in parallel to increase the overaltitiput of the design.

VIl. COMPARISONSTUDY AGAINST MRAM
A. 1T-IMTJ Read and Write Overhead

Previous sections have introduced a method to encode aondeleremory words in resistive memories. With this
encoding scheme, the pieces are in place to generate a fidtswale crossbar memory, which can scale to large
sizes despite the negative impacts of stray currents. Hew&y justify the usefulness of this scheme, is it pertinent
to compare the results of such a system against state-@rtm®n-volatile memory designs. This section compares
the proposed resistive memory scheme against the populaarsistor 1-Magnetic-Tunnel-Junction (1T-1MTJ)
MRAM design.

The 1T1MTJ design is an alternate design to the crossbar myeimooduced throughout this work. In the 1T-
1MTJ topology, Each bit-cell is fixed with one transistor kattone can uniquely read and write each bit. A more
detailed view of the read and write circuitry is shown in Fig, which is adapted from the work by Maffitt et. al.
in [32]. The selected bit is highlighted in the bottom rightriion of the figure.

In order to determine the state of a particular bit in the\aritais necessary to determine the resistance of the

selected bit. The word-line (WL) is used to select the praper in the memory array, and the column decoder
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Array MTJ

sel

WL

SL

Fig. 12. The peripheral circuitry used to both read and waiteT-1MTJ bit cell. Adapted from [32].

ensures the selected bit is being read, not other unselbidtedn the row. The resistance of any bit, whether in
the high or low conductivity state, can vary based on prgpedtiations within the tunnel-junctions. Therefore, to
determine the resistance state, a voltage sense amplifisedsto compare the selected bits resistance state against
a reference voltage.

The reference is created by averaging the resistance of pposing state MTJ deviceSAT J,cro, MT Jrc51),
which creates a voltage lying halfway between that of an esk'1l’ or ‘0’ value. These reference devices can be
shared among arrays, and for the comparison here, it is @sktirat there exists a uniqué?"J,.ro and M T J,¢ 1
for each bit read from the bank (i.e. a 16 bit word needs l6reafie MTJ pairs). The NMOS devices gated by
Vaamp act as source followers, which ensure that the referencesatetted bits are biased at the same voltage
level. The load devices then act as a resistive divider tp beltransform the current through the MTJs into a
voltage for the sense amplifier. The average referencegmigenerated by tying the NMOS drains of both the
‘0’ and ‘1’ reference MTJs together [32]. A more detailed cigstion of how the circuitry works can be found in
the original work [32].

Writing the selected MTJ is performed simply by properly wedding the selected bit through the row/column
decoder, and then placing the proper values on the Din inpditlee Source-Line (SL) wire. Bi-directional current
flow is often required to program such devices into paraligl/parallel states. To accomplish this, the SL driver

must be configurable to drive either a high voltage or ground.

B. Quantitative Area Comparison Against MRAM

The read/write circuitry for crossbar based nanoscale mies¢s discussed in previous works [3], [6]. Per row,
the logic requires two multiplexors, one inverter, one PM@Sice, andog2(N) + 1 NMOS devices, where N is
the number of address bits. Three multiplexors and two teverare required per column. A standard transmission

gate based column decoder is implemented, where the nurlgettes scales logarithmically with the size of the
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array. An extra two NOR gates and two multiplexors are regfuio control the load devices and multiple clocks.
This overhead can further be explored in the original worksnf Rose et. al. [6].

Given the basic MRAM design introduced in the previous segtit is now possible to give some quantitative
overhead analysis of the two separate nano-memory implati@ms. For both memories, the row and column
decoders are implemented in a similar fashion. The row darisda typical one-stage NMOS decoder. The column
decoder is a transmission gate based multiplexor desigtheasignals traversing through this decoder are not
digital in nature. The area overhead comparison is made temsidering both a 65nm and a 130nm CMOS
technology for the peripheral circuit implementationseTMRAM bit cell is assumed to be.3584um?, as it is
the smallest demonstrated experimental MRAM cell the astfaund described in the literature [33]. The resistive
memory device is a molecular memory device selected fromai@dl is sized0011um?. This again is the smallest
experimentally demonstrated resistive memory cell founthe literature.

Fig. 13A shows the area overhead comparison between the MB&dign and the molecular memory designs
given a 130nm CMOS technology. While it is apparent that tr@ecular memory design is smaller than the
MRAM design, adding the encoder/decoder design introdacksge overhead. The encoder/decoder is a 16-bit
design, and it is assumed that only one encoder/decodeeispes bank, which is reasonable since only one word
can be read/written at a time. Given a 130nm peripheral itilmplementation, the molecular memory with this
encoder/decoder doesn’t actually achieve any area saewgsthe MRAM until the bank size is at leas6kb
large, or1282x128 bits. This is the breakeven point for the design. Beyafb, it is apparent that even with the
encoder/decoder, the molecular memory is still much sméiien the MRAM design.

Fig. 13B shows the same design comparison except given a Bbpiementation of the CMOS peripheral circuits.
In this figure, the breakeven point actually shifts bdk (64 x 64 bits). This is largely because the memory array
sizes are fixed, and the dominant encoder/decoder arealéd duzack by typical CMOS scaling rules /y/area
per technology node). Here the molecular memory, even \highehcoder/decoder design, is approximataly
smaller than the MRAM design assuming 8x512 bit memory bank.

Figs. 14A,B delve further into the overhead to highlight gr@nary area sources within each design. Fig. 14A
shows the area breakdown for the MRAM design, and it is appdhat area is dominated by the bit-cell array.
This makes sense as the bit cell is o¥80 times larger than the molecular memory bit cell. Fig. 14Bvehohe
opposite result for the molecular memory, where while thtecbll array does contribute significantly to the total
area, the majority is consumed by the peripheral circuitss Ts particularly true at larger array sizes, however at

these large array sizes, the overall encoder/decoder wédégh into the total overhead.

C. Final Comparison Thoughts
The previous section highlighted the area overheads with he MRAM and molecular memory technologies.
While its hard to properly quantify the overheads in termpafer and performance without a full MRAM design,

it is possible to at least qualitatively discuss this topic.

Previous sections highlighted the energy per encode/degivén a 16-bit design, and the numbers came out to
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Fig. 13. A. Area overhead comparison between 1T-1MTJ MRAM amssbar molecular memory, using 130nm CMOS for periplueuits.
B. Same overhead comparison between MRAM and molecular memecept using 65nm CMOS for peripheral circuits.
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Fig. 14. A. Area breakdown for the 1T-1IMTJ MRAM design. Thed@ll array dominates the total memory area. B. Area breakdof the
molecular memory. The peripheral logic heavily factor®ittie total area, particularly when considering the physca&oders/decoders.

approximately8.1pJ per encode, andll.7 fJ per decode. The 2009 ITRS states that the best currentlymisrated
MRAM write energy per bit isl50pJ [34]. Given a 16-bit word, this would yield.4n.J per write given the best
currently demonstrated MRAM. Ignoring the very low decodergy for the current design, to encode a 16-bit word
would consume approximately0p.J, approximatelyl 8.5 times less than when writing to an MRAM (read energies
not given in ITRS). Furthermore, the projected write engpgy bit for such a molecular memory #s« 10~1°.J.
This value is obviously a projected value, and not sometleixgerimentally measured, however by observing the
numbers, it is fairly clear to see that the molecular memarplementation will likely yield a significant power
savings over the MRAM design. This is even considering theodar/decoder.

Although the molecular memory can be configured to consusgpgewer and use less area, it cannot match the
performance of modern MRAM circuits. Earlier sections Higifited the performance penalty incurred by both the
encoder and decoder?.9ns and 2.6ns respectively. Furthermore, the delay in reading and vgitime molecular
devices themselves is quite long, hovering arotivds and40ns respectively, according to the newest ITRS [34].

On the other side, MRAM can typically be read and written tdess than.5ns. The takeaway point from this
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section is not that the molecular memory is slow, howevet ttere is an important tradeoff between performance,

power, and area to consider before choosing any one of thms# nano-electronic memory solutions.

VIII. CONCLUSION

This work presents a circuit and data encoding method tataffdy reduce the impact of stray current paths in
crossbar array memories. The presented solution alloveslbas memories to scale out beyond the 64x64 array size.
The balanced encoding method introduced for nanoscale mesnensures the voltage output from any selected
device is deterministic. Comparison results are preseagaéhst a common 1T-1MTJ architecture, showing a strong
area and power reduction over MRAM, however suffering infgrenance capability.

Future work will focus on improving the hardware implemdiata, particularly on pipelining the physical encoder
design. This design change will elicit a higher overall tigbput, and decrease the performance penalty seen through

the encoder. Further work will examine the impacts of dewviagations on the encoding technique.
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